The performances of n-type DSCs containing the heteroleptic copper(I) dyes [Cu (1) 
Introduction
Fundamental to n-type dye-sensitized solar cells (DSCs) is a coloured dye (sensitizer) that is anchored to the surface of an n-type semiconductor, usually nanoparticular anatase (TiO 2 ). This dye allows the injection of electrons into the conduction band by visible light.
Light-harvesting in Grätzel DSCs typically makes use of ruthenium(II) complexes [1, 2] , but their replacement by organic dyes [3] or metal complexes incorporating Earthabundant metals [4] is advantageous in the interests of establishing a cheaper and more sustainable technology. We and others are focusing both our experimental and theoretical attention on dyes in which the chromophore is a copper(I) complex [4, 5, 6, 7, 8, 9, 10] Copper(I) diimine complexes are labile and the rapid ligand exchange processes [ 11 ] predicate against the isolation of chemically pure heteroleptic complexes, making this a challenging goal [12] . The recognition of this lability allowed us to develop a method of assembling TiO 2 -bound heteroleptic [Cu(L anchor )(L ancillary )] + dyes directly on a surface [4] . The diimine ligand L anchor is typically functionalized with carboxylic or phosphonic acid groups, with the latter exhibiting enhanced binding and temporal performance over the former [13] .
We have found that, for 2,2'-bipyridine (bpy) anchoring ligands, the incorporation of a phenylene spacer between the bpy and anchor domains improves the performance of the [Cu(L anchor )(L ancillary )] + dye [8] . The bis(phosphonic acid) anchoring ligand 1 (Scheme 1) is prepared by deprotection of the corresponding ethyl ester 2 (Scheme 1) [8] . The most efficient method is reaction of 2 with aqueous HCl (6 M) at reflux for 2 days, followed by treatment of the residue with aqueous acetic acid at reflux. 2,2':6',2''-Terpyridine-4'-phosphonic acid ((4'-(HO) 2 OPtpy) and 2,2'-bipyridine-4,4'-diphosphonic acid have been used as anchoring ligands in n-type dyes incorporating {Ru(tpy) 2 [14, 15, 16] . These phosphonic acids are prepared by hydrolytic deprotection of the ruthenium-bound diethyl phosphonates, but reaction may not proceed to completion, terminating at the corresponding monoester, depending on reaction conditions [14, 15, 17, 18] . Partial hydrolysis of diester ligands can also occur during complexation of the ester-functionalized ligands with ruthenium(II) [16, 19] . In the light of these observations, together with the empirically observed better solubility of the phosphonate esters compared to the phosphonic acids, we decided to investigate the use of phosphonate ester 2 (Scheme 1) as an anchoring ligand. It is already established that phosphonate esters may be used to modify TiO 2 surfaces under moderate conditions [20, 21] with surface immobilization occurring by hydrolysis of POR groups by surface OH functionalities [22] .
All the ligands discussed in this work contain methyl substituents in the 6,6'-positions of the bpy domain. The presence of substituents ortho to the nitrogen donors is required to stabilize the {Cu(diimine) 2 } + unit (tetrahedral or flattened tetrahedral) with respect to oxidation to {Cu(diimine) 2 } 2+ (square planar) [23] . Scheme 1. Ligand structures and atom numbering for NMR spectroscopic assignments. 
Experimental

General
DSC fabrication
DSCs were prepared adapting the method of Grätzel and coworkers [26] . 
External quantum efficiency (EQE) measurements
The external quantum efficiency measurements were performed on a Spe-Quest quantum efficiency setup from Rera Systems (Netherlands) equipped with a 100 W halogen lamp (QTH) and a lambda 300 grating monochromator from Lot Oriel. The monochromatic light was modulated to 3Hz using a chopper wheel from ThorLabs. The cell response was amplified with a large dynamic range IV converter from CVI Melles Griot and then measured with a SR830 DSP Lock-In amplifier from Stanford Research.
DFT calculations
Ground state DFT calculations were performed using Spartan 14 (v. 1.1.3) at the B3LYP level with a 6-31G* basis set in vacuum. Initial energy optimization was carried out at a semiempirical (PM3) level.
Results and discussion
Synthesis and characterization of [Cu(2) 2 ][PF 6 ]
Ligand 2 was prepared as previously described [8] that at least a small amount of the dye was anchored to the electrode, consistent with the spectroscopic data in Figure 2b .
The DSCs were then fabricated as detailed in the experimental section using an I 3 -/I -electroyte, and were fully masked [27] for all efficiency measurements. A reference DSC with standard dye N719 was also prepared. Solar conversion efficiencies (η) were measured on the day of sealing the DSC and 3 days after sealing. In previous studies of copper(I)-based dyes,
we have often observed a ripening effect (i.e. enhancement of performance with time) [5, 25, 28] and we routinely assess how the performance of a dye changes over days or weeks after fabricating the DSC.
Values of the open circuit voltage (V OC ), short circuit current density (J SC ), fill factor (ff) and η are given in Table 1 ; duplicate DSCs were made for each copper(I) dye. Figure 3 shows the J-V curves for the DSCs on the day of sealing the cells; similar curves were obtained after three days (see Table 1 ). The right-hand column of Table 1 gives a relative efficiency, setting the value recorded for N719 to 100%. We find this a useful means of comparing data, especially when they are recorded on different solar simulators, either within our or in different laboratories. To underline this point, we measured the DSC characteristics of the same cells and on the same day on two sun simulators (both under irradiation of 1 sun). Both instruments were calibrated against a silicon standard. A comparison of the parameters in Table 2 with those in the top part of Table 1 reveals similar values of V OC for a given DSC, but consistently lower values of J SC in Table 2 , resulting in lower absolute values of η for the second instrument. However, relative η values in the righthand columns in the two tables are comparable. conditions. Black lines = cell 1; red = cell 2 (see Fig. 3 ). and the performance data are given in Table 3 ; J-V curves are shown in Figure 5 . Considering that the ancillary ligand has not been specially designed for its role in photon harvesting, the the day of sealing compared to N719 measured under the same conditions. Black lines = cell 1; red = cell 2 (see Fig. 6 ). 
Conclusions
We conclude from this investigation that using phosphonate ester 2 as an anchoring domain leads to poorer performing n-type DSCs than those in which the phosphonic acid anchoring ligand 1 is used. However, solid-state absorption spectroscopic data support that fact that dyeattachment to TiO 2 does occur when 2 is used and this may be through in situ deprotection to the monoester and/or the phosphonic acid. Deprotection of the ester to the phosphonic acid anchoring ligand 1 is a prerequisite during the surface-bound dye-assembly process, and we are currently investigating different methods to achieve this in situ on the semiconductor 
